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Angiopoietin-1 Reduces H2O2-Induced Increases in
Reactive Oxygen Species and Oxidative Damage to
Skin Cells
Nesreen S. Ismail1, Elke A. Pravda1, Dan Li2, Shou-Ching Shih2,3 and Susan M. Dallabrida1,4
UV light–based damage to skin cells can cause photoaging and skin cancer. A major cause of UV light–induced
damage to skin is increased free radicals, such as superoxides. Increased superoxides can cause oxidative and
nitrative damage to cell components. Thus, agents that counteract these damages may have therapeutic value.
Herein, we show that angiopoietin-1 (ang1) prevented and blocked H2O2-induced increases in superoxides
in human spontaneously immortalized keratinocyte line, HaCaT, and primary melanocytes (HeMn).
Ang1 prevented H2O2-induced increases in damage to DNA (8-hydroxy-2
0-deoxyguanosine) and proteins
(nitrotyrosinylation). Ang1 promoted skin cell metabolism/viability, adhesion, and akt and MAPKp42/44
activations. Using multi-gene transcriptional profiling, we found that skin cells express integrin subunits {(b1,
b4–6, b8, av, a2, a3, a6 (HaCaT)), (b1, b3, b5, b8, av, a3 (HeMn))} and lack tie2 receptor mRNA. Integrin antibodies (av,
b1) disrupted skin cell adhesion to ang1 and ang1-induced decreases in superoxides. Our findings show that
ang1 blocks free radical damage to skin cells and may be clinically useful to prevent and/or reduce photoaging
and skin cancer.
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INTRODUCTION
Skin receives environmental (solar radiation) and artificial
(pollution, indoor tanning) insults, and as such, incurs
oxidative stress and/or damage from reactive oxygen species
(ROS). A leading ROS source in oxidative injury/DNA
damage is UV light, which can cause initiation and/or
progression of skin pathologies (cancer, photoaging, erythema,
inflammation, autoimmune reactions) (Nachbar and Korting,
1995). Incidences of skin pathologies are increasing. In the
United States, there are 41 million new cases of non-
melanoma skin cancer per year (Gloster and Brodland, 1996)
and skin cancer is the most common cancer type. Contribut-
ing factors include increased recreational exposure to sun
(Strom and Yamamura, 1997), ozone compromise (Duthie
et al., 1999), inadequately applied sunscreens (Svobodova
et al., 2006), and indoor tanning (The International Agency
for Research on Cancer Working Group on artificial
ultraviolet light and skin, 2007).
Mechanisms for UV (Oberley, 2002) and visible (Zastrow
et al., 2009) light-based ROS damage to skin are known.
ROS and reactive nitrogen species are generated by solar
radiation. Key ROS include superoxide ( O2
), hydroxyl
radical ( OH), and hydrogen peroxide (H2O2). Superoxide
is highly reactive (half-life¼1 106 s) and converted by
superoxide dismutase to H2O2, which can cross cell/
organelle membranes. With metal cations (Fe, Cu), H2O2
converts to OH, which reacts quickly causing oxidative
damage to proteins, DNA, and membranes. Superoxide also
reacts with nitric oxide to form peroxynitrite (ONOO), a
major cause of protein and lipid damage (Rubbo et al., 1994).
ONOO induces protein nitrotyrosinylation, altering func-
tion, and is a key marker of cytotoxicity. Increased ROS
can overwhelm antioxidant defenses causing damage to
DNA (mutations/breaks), protein (nitrotyrosinylation), lipid
(peroxidation), and sugar. Oxidative damage can compro-
mise cell survival, proliferation, differentiation, and metabo-
lism; reduce antioxidants; and induce apoptosis. Long-term
effects of oxidative damage are implicated in skin aging,
cancer (Black, 1987), and inflammation (Cerutti, 1985).
A major problem caused by increased exposure to
UV/ROS is DNA damage, which can be mutagenic
and, unless repaired, carcinogenic. UV radiation damages
skin cell DNA directly or indirectly by interacting with
chromophores to increase ROS. Characteristic UV-induced
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DNA lesions include: dimers between adjacent pyrimidine
residues (Nataraj et al., 1995) or GC to TA transversions,
generating 8-hydroxy-20-deoxyguanosine (8OHDG) (Paz
et al., 2008).
Reducing ROS or upregulating antioxidants shows benefit
against skin pathologies in animals (Wondrak, 2007). Thus, it
is important to develop ways to reduce increasing ROS
burden/oxidative damage. To address this issue, we explored
the use of angiopoietin-1 (ang1) to reduce ROS and oxidative
injury in skin cells.
Ang1 is a glycoprotein that binds to extracellular matrix
(ECM) and promotes survival/prevents apoptosis in endo-
thelial cells (ECs) (Papapetropoulos et al., 1999) and myocytes
(Dallabrida et al., 2005). Effects of angiopoietin-2 (ang2) are
context-dependent, but often antagonize actions of ang1.
Ang1 was identified as a regulator of vessel maturation and
angiogenesis acting through tie2 (Suri et al., 1996), but was
later found to bind to integrins to promote adhesion and
survival, and prevent apoptosis (Dallabrida et al., 2005). In
animal models, ang1 reduces the progression of 22 diseases
and reduces injuries.
The importance of angiopoietin/integrin interactions is
emerging. Ang1 and/or ang2 bind EC, fibroblast (Carlson
et al., 2001), cardiac/skeletal myocyte (Dallabrida et al.,
2005), tumor cell (Hu et al., 2006; Imanishi et al., 2007),
and neurite (Chen et al., 2009) integrins promoting adhesion
and survival, activating akt and MAPKp42/44. Key integrin
subunits involve av and a5 (Dallabrida et al., 2005;
Weber et al., 2005; Hu et al., 2006; Imanishi et al., 2007).
Overexpressing an integrin-only binding form of ang1 in
mice reduced induced cardiac hypertrophy, activated integ-
rin-linked kinase, akt, and MAPKp42/44 (Dallabrida et al.,
2008), and showed functional significance for ang1/integrin
interactions in vivo. Transgenic expression of angiopoietin-
related growth factor, which is not expressed in normal
skin, in keratinocytes, increased cell proliferation and wound
healing, acting likely through av-based integrins (Oike et al.,
2003). We propose that skin cells interact with ang1 and/
or ang2 through select integrins to mediate key skin cell
functions.
In skin, ang1 overexpression promotes wound healing,
flap survival (Jung et al., 2003), and vessel size/branching,
and reduces induced vascular leakiness. Mice transgenically
overexpressing ang1 (12normal) in skin (epidermal kera-
tinocytes) were healthy, bred normally, had intact, func-
tional, healthy skin with normal intercellular contacts, and
increased vessel size and branching (Suri et al., 1998). In
transgenic mice overexpressing ang1 in skin (Thurston et al.,
1999) and adenoviral-driven systemic ang1 overexpression in
adult mice (Thurston et al., 2000), vasculatures were resistant
to leaks induced by inflammatory agents and/or vascular
endothelial growth factor. This effect appears to occur
through ang1-induced reductions in number and size of EC
gaps (Baffert et al., 2006). Genetically engineered COMP-
ang1 (Cho et al., 2006; Eun Kim et al., 2007), ang1
peptidomimetic (Van Slyke et al., 2009), and adeno-
associated ang1 (Bitto et al., 2008) improve normal and type
2 diabetic wound healing. Actions of ang1 in wound healing
occur in part through improved angiogenesis, lymphangio-
genesis, and blood flow.
In metastatic malignant melanoma patients, increased
circulating ang2 levels correlate with tumor progression and
reduced survival (Helfrich et al., 2009). Ang2 increases
migration and invasion of stage IV melanoma cells. In human
squamous cell carcinoma xenografts, ang2 increased during
early stages of skin carcinogenesis and was upregulated in
tumor vessels (Hawighorst et al., 2002). Overexpressing ang1
in human squamous cell carcinoma xenografts blocked
tumor growth by 470%.
In non-skin models, ang1 blocked ROS-induced myoblast
damage (Wang et al., 2007) and EC (Murakami et al., 2005)
apoptosis. Recombinant ang1 multimers reduced ROS-
induced lung injury (Kim et al., 2008). Ang1 can reduce
insult to injured tissue and, as such, may be an ideal
candidate to prevent and/or reduce oxidative damage to skin.
Herein, we show that ang1 prevents and blocks induced ROS
increases and ROS-induced damage in keratinocytes and
melanocytes. Ang1 promotes skin cell adhesion, survival, and
prosurvival signaling (akt and MAPKp42/44) acting through
select integrins.
RESULTS AND DISCUSSION
Ang1 prevents and blocks H2O2-induced increases in skin cell
superoxides
Super-physiologic increases in ROS (i.e., O2
) can cause
oxidative injury to skin cells. We used H2O2, a well-accepted
model (Cao et al., 2008), to induce ROS and oxidative
damage. Human skin cells (keratinocytes (HaCaT), melano-
cytes (HeMn)) were given H2O2 and
O2
 levels were
measured using a chemiluminescent assay. H2O2 increased
O2
 in controls (Con.) (Figure 1). We next asked whether
ang1 affects H2O2-induced increases in
O2
. For all studies,
we used 200 nM ang1 because it was the optimal dose in
myocytes (Dallabrida et al., 2005). HaCaT and HeMn cells
were given ang1/ang1 control, or tiron (superoxide scaven-
ger)±H2O2 (30minutes). Ang1 prevented H2O2-induced
increases in O2
 in HaCaT (Figure 1a) and HeMn (Figure
1b) cells.
We compared the effects of ang1 on O2
 with other ECM
found in the skin because ang1 acts locally, binding to the
ECM (Xu and Yu, 2001), and select integrins to promote cell
attachment and survival (Dallabrida et al., 2005). We used
collagen III because it is an abundant ECM in the skin (Lovell
et al., 1987) that supports integrin-mediated adhesion mainly
through a1b1 and a2b1 integrins. Vitronectin binds to ang1
(Xu and Yu, 2001) and supports adhesion mainly through
avb1, avb3, and avb5 integrins (Plow et al., 2000). Fibronectin
binds to various integrins (i.e., a5b1, a4b1, a3b1, av-based)
(Plow et al., 2000) and has an integrin-binding motif (REDV)
that resembles the integrin-binding site that we identified in
ang1 (QHREDGS) (Dallabrida et al., 2005).
In HaCaT cells, collagen III and vitronectin did not alter
H2O2-induced
O2
 increases (Figure 1a). Fibronectin, which
has a similar integrin-binding motif as ang1 (both RED-based)
(Dallabrida et al., 2005), caused a modest reduction in H2O2-
induced increases in O2
 in HaCaT cells (Figure 1a). Lack of
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an effect on O2
 levels by collagen III and vitronectin
suggests that skin cell integrin interactions with the ECM in
general do not alter H2O2-induced increases in
O2
 and
interactions with ang1 are specific. As a control for super-
oxide specificity, we used the superoxide dismutase mimetic,
tiron. Inclusion of tiron nearly completely eliminated the
signal, indicating that our data reflect O2
 levels (Figure 1).
Ang1 prevented H2O2-induced
O2
 increases, suggesting
that ang1 has therapeutic use in protective strategies (i.e.,
sunscreen, anti-aging).
As prevention is not always feasible, attenuating or
reversing oxidative stress and damage already in progress is
important. Thus, we asked whether ang1 blocks O2

increases after H2O2 causes ROS increases/damage.
Skin cells were first given H2O2 (15minutes) and then
ang1/ang1 control, collagen III/collagen III control, or tiron
(15minutes). Ang1 blocked H2O2-induced increases in
O2

in HaCaT (Figure 2a) and HeMn (Figure 2b) cells.
Tiron eliminated the signal, indicating signal specificity.
Collagen III had no effect in HaCaT and HeMn cells
(Figure 2). Even after 50% of the time elapsed in which cells
incurred oxidative injury and cells received ang1 for only
15minutes, ang1 potently blocked H2O2-induced
O2

increases. Ang1 may have a therapeutic use in cases where
oxidative injury has already commenced (i.e., skin cancer,
photoaging).
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Figure 1. Ang1 prevents H2O2-induced increases in superoxides in skin cells.
(a) HaCaT and (b) HeMn cells were given 100 mM H2O2 and 200 nM ang1,
collagen III (coll III), vitronectin (VN), or fibronectin (FN) matrices or vehicle
controls (Con.) (30minutes), and the O2
 levels were measured (n¼ 6 per
group with studies performed in triplicate, mean±SD). In graphs, each matrix
is paired by color with its appropriate vehicle control. (a, b) H2O2 increased
O2
 levels in HaCaT and HeMn cells (*Pp0.0000004). Ang1 prevented
H2O2-induced increases in
O2
 (**P¼ 0.00001 (HaCaT), #Pp0.004 (HeMn))
(a) as did fibronectin (***P¼ 0.003, HaCaT). Collagen III and vitronectin had
no significant effect on O2
 levels. (a, b) Superoxide scavenger, tiron,
eliminated the signal, indicating signal specificity.
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Figure 2. Ang1 reduces H2O2-induced increases in superoxides in skin cells.
(a) HaCaT and (b) HeMn cells were given 100 mM H2O2 (15minutes), ang1
or collagen III was added (15minutes) (n¼6 per group with studies performed
in duplicate, mean±SD), and the O2
 levels were measured. In graphs,
each matrix is paired by color with its appropriate vehicle control (Con.).
(a, b) H2O2 increased
O2
 levels in HaCaT and HeMn cells (*Pp0.0006).
Ang1 reduced H2O2-induced increases in
O2
 in HaCaT and HeMn cells
(**Pp0.007) after ROS damage was initiated. (a, b) Tiron almost completely
eliminated the signal.
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Human keratinocytes are the cell type primarily affected
by UVB. With UVB radiation doses relevant to human skin
exposure, human keratinocyte H2O2 increases, enters the
nucleus, forms OH, and causes 8OHDG DNA mutations
(Pelle et al., 2003). HaCaT cells respond to UV radiation
by increasing O2
/NO levels (Aitken et al., 2007) and
apoptosis and lose mitochondrial membrane potential
(Paz et al., 2008).
Melanocytes are key to protecting skin from UV-induced
damage. Melanocytes reside deeper in the dermis. UVA
penetration to this level can cause oxidative DNA damage
and mutagenesis. Melanocytes produce and distribute
melanin to keratinocytes through dendritic-type processes,
contacting 30–40 keratinocytes each (Tsatmali et al., 2002).
Melanin ultimately resides on top of keratinocyte nuclear
DNA, protecting DNA from UV radiation (Tsatmali et al.,
2002). ROS increases can initiate and cause melanoma
progression. Thus, protecting keratinocytes and melanocytes
from ROS increase and oxidative damage is a major objective
in developing therapeutics for skin pathologies.
Ang1 prevents H2O2-induced increases in skin cell
nitrotyrosinylation
ROS increases induced by H2O2 can cause oxidative and
nitrative damage. A key form of nitrative damage is protein
nitrotyrosinylation. Adding an NO2 group to tyrosine lowers
the pKa of the phenolic substituent and adds steric hind-
rance. 3-nitrotyrosine can modify protein function and is a
biomarker for nitrative injury. HaCaT and HeMn cells were
given ang1/ang1 control and collagen III/collagen III control;
H2O2 was added (30minutes), and nitrotyrosine levels were
quantified. Ang1 prevented H2O2-induced increases in
protein nitrotyrosinylation in HaCaT (Figure 3a) and HeMn
(Figure 3b) cells, whereas collagen III had no effect.
Nitrotyrosinylation is seen in photoaging and can cause
further oxidative/nitrative damage and cell death. Nitrated
cytochrome c has enhanced peroxidase activity, and as such
can exacerbate oxidative injury (Cassina et al., 2000).
Nitration of mitochondrial manganese-superoxide dismutase
inactivates its antioxidant capacity (Radi, 2004) causing
increased ONOO, reduced mitochondrial membrane
permeability, and apoptosis. Nitration of cytoskeletal com-
ponents causes defective polymerization, altering integrin-
based cell adhesion and spreading. Reactive nitrogen species
also damage RNA and, less so, DNA (Brown and Borutaite,
2001).
Ang1 prevents H2O2-induced increases in skin cell DNA
damage
A major cause of ROS-induced skin cell injury is oxidative
DNA damage. H2O2 is an oxidizing agent that causes
8OHDG damage (Zunino et al., 2001). 8OHDG forms from
an OH  attack of guanosine, has strong mutagenic potential,
unless repaired (Shibutani et al., 1991), and is a prevalent
DNA modification (Kasai and Nishimura, 1986). Increased
8OHDG levels occur in various cancers (Olinski et al., 1992)
and accumulate with progression through carcinogenic
stages (Feig et al., 1994). With even one UV radiation dose,
high 8OHDG levels occur in the human epidermis (Ahmed
et al., 1999). UVA and UVB radiation target guanosine,
prompting 8OHDG formation (Cadet et al., 2000). Thus, we
tested whether ang1 blocks H2O2-induced 8OHDG DNA
damage using OxyDNA-based immunocytochemistry with
confocal microscopy imaging. HaCaT and HeMn cells were
given ang1/ang1 control, and H2O2 was added (30minutes).
8OHDG was tagged and nuclei-labeled (4,6-diamidino-
2-phenylindole, DAPI). Ang1 reduced H2O2-induced
increases in 8OHDG levels in HaCaT (Figure 4a) and HeMn
(Figure 4b) cells.
Epidermal keratinocytes are most vulnerable to UV DNA
damage and carcinogenesis. Solar radiation increases
8OHDG in the skin and humans receiving indoor tanning
UV radiation incur DNA damage (The International Agency
for Research on Cancer Working Group on artificial
ultraviolet light and skin, 2007). ROS-induced accumulation
of 8OHDG DNA damage occurs in skin of old, but
not young, mice, indicating a role in photoaging (Kagan
et al., 2002). Ang1 protects against nuclear DNA damage,
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Figure 3. Ang1 blocks H2O2-induced increases in nitrotyrosinylation in skin
cells. (a) HaCaT and (b) HeMn cells were given 200 nM ang1, collagen III,
or vehicle controls (Con.), and 100 mM H2O2 was added (30minutes) (n¼ 6
per group with studies performed in duplicate, mean±SD). In graphs, each
matrix is paired by color with its appropriate vehicle control. Ang1, but not
collagen III, reduced protein nitrotyrosinylation in (a) HaCaT (*P¼0.001)
and (b) HeMn (**P¼ 0.03) cells.
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suggesting a role in attenuating mutagenesis, carcinogenesis,
and photoaging.
Nuclear DNA is more stable than mitochondrial DNA,
having histones, better repair mechanisms, and a lower
portion of expressed genes (Ozawa, 1997). Nuclear DNA
encodes most mitochondrial proteins (B1,500). Damage to
nuclear DNA suggests that mitochondrial DNA/function is
compromised. Dysfunctional mitochondria are implicated as
causal in aging (Trifunovic and Larsson, 2008) and skin aging
(Makrantonaki, 2007). Actions of ang1 may offset these
processes.
HaCaT and HeMn integrin profiles
We conducted multi-gene transcriptional profiling (MGTP) to
measure absolute mRNA levels of integrin-a and -b subunits
and tie2 receptor in HaCaT and HeMn cells. Neither HaCaT
nor HeMn cells express tie2 mRNA, eliminating the
possibility that tie2 mediates skin cell interactions with
ang1 (Figure 5). These skin cells express integrin subunits (a2,
a3, a6, av, b1, b4–b6, b8, (HaCaT)) (Figure 5a) and (a3, av, b1,
b3, b5, b8 (HeMn)) (Figure 5b). Integrins a3b1, av (b1, b5, and/
or b8) are expressed by HaCaT and HeMn cells. HaCaTs
expressed more integrin mRNA than did HeMn cells. HaCaT
cells express high levels (X20 mRNA copies/106 18S mRNA
copies) of a2, a6, av, b1, b4, and b8 subunits and moderate
levels (1–20 copies/106 18S copies) of most other expressed
subunits. HeMn cells have moderate levels of a3, av, b1, b3,
b5, and b8 and weak levels (o1 copy/106 18S copies) of other
expressed subunits.
Most studies and those here show that keratinocytes lack
tie2 mRNA. With HaCaT keratinocytes, a cell line, the
chance of trace contamination from cell isolates was
avoided. Further, with MGTP, even weakly expressed mRNA
(o1 copy/106 18S copies) is detectable. Our data are
consistent with other reports showing no tie2 mRNA
expression in human and mouse-cultured and laser capture-
dissected keratinocytes (Wolfram et al., 2009). One study
shows weakly tie2 mRNA-positive keratinocyte isolates
through reverse transcription-PCR (Voskas et al., 2005).
Ang1 increases skin cell viability
We found that ang1 increases myocyte survival (Dallabrida
et al., 2005). We asked whether ang1 affects HaCaT and
HeMn viability. Cells were given ang1/ang1 control, collagen
III/collagen III control, and adenosine triphosphate (ATP)
levels measured using a luminescence-based assay. In this
assay, luminescence reflects ATP levels, which correlate with
metabolism, and thus indicates viability. Ang1 increased
HaCaT (Figure 6a) and HeMn (Figure 6b) cell ATP levels/
viability, whereas collagen III had no effect. We also
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Figure 4. Ang1 reduces H2O2-induced DNA damage to skin cells. (a) HaCaT and (b) HeMn cells were given 200 nM ang1 or vehicle control, and 100mM
H2O2 was added (30minutes). Fluorescent immunocytochemistry with confocal microscopy imaging was conducted (bar¼20 mm). OxyDNA staining shows
DNA damage (green). Nuclei were stained (DAPI, blue). Merged images show an overlap of 8OHDG with DAPI. Graphs show the 8OHDG signal normalized to
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observed similar results using a longer 1 day time point (data
not shown).
UV radiation reduces skin cell survival. As melanocytes
have a low regenerative capacity, their survival is vital.
Melanin produced by melanocytes restricts UV penetration
through the epidermis and scavenges ROS. Total melanin
content in skin inversely correlates with DNA damage
and development of skin cancer (Gilchrest et al., 1999).
Ang1 increases in melanocyte viability/metabolism and may
aid melanin production, reducing the effects of oxi-
dative damage.
Ang1 activates Akt and MAPKp42/44 signaling in skin cells
We found that ang1 increased akt and MAPKp42/44 activation
in myocytes (Dallabrida et al., 2005). We measured the
effect of ang1 on HaCaT and HeMn cell phosphorylation of
aktS473 and MAPKp42/44 using western blotting. Ang1 induced
phosphorylation of akt in HaCaT (Figure 7a) and HeMn
(Figure 7b) cells. Ang1 also induced phosphorylation of
MAPKp42/44 in HaCaT (Figure 7a) and HeMn (Figure 7b) cells.
Akt and MAPKp42/44 activation in skin cells may prevent
apoptosis (Decraene et al., 2002; Muthusamy and Piva,
2009).
Ang1 promotes skin cell adhesion through select integrins
Integrin-based cell adhesion is vital to several processes
(i.e., survival, proliferation, migration). HaCaT (Figure 8a)
and HeMn (Figure 8b) cells attached to immobilized
ang1. Integrin-based cell adhesion requires divalent cations.
Divalent cation chelator, EDTA, caused a nearly complete
loss of HaCaT and HeMn cell adhesion to ang1 (Figure 8),
suggesting that integrins mediate this interaction.
H2O2-induced oxidative stress reduces integrin-based cell
adhesion to ECM, disrupts focal contacts, and reduces ATP
(Gailit et al., 1993; Zhang et al., 1994). Ang1 may support
skin cell adhesion during oxidative stress.
Integrin antibodies disrupt Ang1 adhesion and effects on
superoxides
We challenged ang1’s effect on adhesion and H2O2-induced
reductions in O2
 levels with function-blocking integrin
antibodies. HaCaT and HeMn cells were given integrin
antibodies (30minutes) before ang1/ang1 control. Ang1
increased skin cell adhesions and antibodies to av and b1
blocked HaCaT (Figure 9a) and HeMn (Figure 9b) cell
attachment to ang1. Antibodies to a3, a4, b4, and avb6
(HaCaT) and avb5 (HeMn) reduced cell adhesion to ang1 to
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Figure 5. MGTP integrin subunit profiles. MGTP real-time PCR was conducted using (a) HaCaT and (b) HeMn cells. Absolute mRNA levels of each
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lesser extents. An a6 antibody increased HaCaT adhesion to
ang1 (Figure 9a).
We tested whether an integrin antibody would reverse
effects of ang1 on O2
. Ang1 blocked H2O2-induced
increases in O2
 and function-blocking integrin subunit
antibodies av and b1 nearly fully eliminated ang1’s capacity
to prevent H2O2-induced increases in
O2
 in HaCaT (Figure
10a) and HeMn (Figure 10b) cells. Antibodies to a1 (HaCaT)
and a2 (HeMn) did not affect ang1’s ability to prevent
H2O2-induced increases in
O2
 in HaCaT (Figure 10a)
and HeMn (Figure 10b) cells, and did not block adhesion
to ang1 (Figure 9). Integrin subunits a1 (HaCaT) and a2
(HeMn) mRNA are weakly expressed (Figure 5). Ang1-
mediated protection from O2
 increases occurred through
av- and b1-based integrins. In a related case, ECM
CCN1 increases myocyte survival and reduces oxidative
damage through b1-based integrins and akt activation
(Yoshida et al., 2007).
Integrin–ligand interactions can alter cytosolic and mito-
chondrial ROS levels and are context-dependent (Chen et al.,
2007). Ang1 interaction with skin cell av- and b1-based
integrins reduced induced O2
 levels (Figure 10). Leukocyte
integrin adhesion reduces ROS production and NADPH
oxidase activity (Zhao et al., 2003). Lack of integrin a1b1
prompts ROS increases (Chen et al., 2004).
In summary, ang1 reduced H2O2-induced
O2
 levels and
oxidative damage to skin cell proteins and DNA and
promoted skin cell adhesion, signaling, and viability. We
propose that these findings position ang1 for development as
a therapeutic for preventing and reducing distinct skin
pathologies (i.e., skin cancer, photoaging). A leading theory
of aging is based on chronic accumulation of oxidative
damage that compromises organelle, cell, and organ function
(Muller et al., 2007). Thus, ang1 may attenuate aging.
MATERIALS AND METHODS
Cell culture
Human spontaneously immortalized keratinocyte line, HaCaT, were
cultured in MEM/10% fetal bovine serum (37 1C, 5% CO2). Human
neonatal epidermal (moderate pigmentation) melanocytes, HeMn-
MP, were cultured in Medium 254 plus human melanocyte growth
supplement (Cascade Biologics, Portland, OR) (37 1C, 5% CO2).
Superoxide assay
HaCaT and HeMn cells were cultured in full media on 24-well
plates, rinsed twice in phenol red-free MEM, and 200nM ang1 (R&D
Systems, Minneapolis, MN), collagen III (Chemicon, Billerica, MA),
vehicle controls, or 10mM tiron (4,5-dihydroxy-1,3-benzenedisulfo-
nic acid) (Sigma, St Louis, MO) in phenol red-free MEM (HaCaT) or
DMEM (HeMn) was added. Tiron is a cell-permeable scavenger of
superoxide anions that acts as a mimetic of superoxide dismutase
(Krishna et al., 1992). In some assays, 100mM H2O2 (30minutes) was
immediately added. In other assays, 100 mM H2O2 was added first
(15minutes), and then 200 nM ang1, collagen III, or vehicle controls
(15minutes).
Ang1 and ECM were prepared as previously described (Dallab-
rida et al., 2005) and each matrix tested against its corresponding
vehicle control. Where indicated, 50 mgml1 function-blocking
integrin antibodies were preincubated with cells (30minutes,
37 1C, 5% CO2) before adding ang1. We described the integrin
antibodies used (Dallabrida et al., 2005) and added anti-b1 clone
P5D2 (Millipore, Billerica, MA).
We used the chemiluminescent Superoxide Anion Kit (Calbio-
chem, Gibbstown, NJ) to quantify O2
 levels as per the manufac-
turer’s instructions and measured the signal using a microplate
reader with luminescence capacity (Wallac 1420 Multilabel, Perkin
Elmer, Waltham, MA). Data are expressed as relative light units and
the background chemiluminescence subtracted.
Nitrotyrosine ELISA
HaCaT and HeMn cells were cultured in full media on 96-well
plates. Cells were rinsed twice in phenol red-free MEM (HaCaT) or
DMEM (HeMn) and 200nM ang1/ang1 vehicle control added in
phenol red-free MEM/0.5% BSA (HaCaT) or DMEM/0.5% BSA
(HeMn) and 100mM H2O2 added (30minutes, 37 1C, 5% CO2). A
chemiluminescent nitrotyrosine ELISA (Millipore) was used as per
the manufacturer’s instructions. Luminescence was measured using
a microplate reader and the background luminescence subtracted
from the values.
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Figure 6. Ang1 increases skin cell viability. (a) HaCaT and (b) HeMn cells
were given 200 nM ang1, collagen III, or a vehicle control (Con.) (90minutes),
and viability was assessed (n¼ 6 per group with studies performed in
duplicate, mean±SD). In graphs, each matrix is paired by color with its
appropriate vehicle control. Ang1 increased (a) HaCaT (*P¼ 0.00003) and
(b) HeMn (**P¼ 0.03) survival, whereas collagen III had no such effect.
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OxyDNA fluorescent confocal microscopy
HaCaT and HeMn cells were cultured in full media on 1%
gelatin-coated chamber slides (LabTek II CC2, Nunc, Rochester,
NY). Cells were rinsed twice in basal media, MEM (HaCaT), or
Medium 254 (HeMn), and 200nM ang1 or vehicle control ±100 mM
H2O2 added in MEM or Medium 254/0.5% BSA (30minutes,
37 1C, 5% CO2). Cells were fixed and probed for 8OHDG using
the fluorometric OxyDNA assay (Calbiochem) and an antibody
conjugate dilution of 1/12.5 (4 1C, overnight). Cells were mounted
using Vectashield mounting media plus DAPI (Vector Labs,
Burlingame, CA) and imaged with a Leica TCS SP2 AOBS confocal
system using a  63 objective. Binding of FITC-conjugate to
8-oxoguanine and DAPI were excited with 488 nm argon and
405nm diode lasers and emissions collected at 500–540 and
420–480nm, respectively. To maintain accuracy in our comparison
of intensity levels between conditions, all confocal microscope
settings were constant for each cell type. Specifically, brightness and
contrast on the confocal system were controlled by adjusting the
photomultiplier tube gain and offset functions, laser power, and
pinhole size. Optimal photomultiplier tube settings were found with
a control slide, saved, and then maintained to image all conditions
for each cell type. Both laser power and pinhole size were
maintained constant throughout all imaging experiments, and
sequential scanning was used to avoid signal crossover. 8OHDG
fluorescence was quantified using ImageJ software (National
Institutes of Health, Bethesda, MD). Each study was conducted
in duplicate with at least 100 cells quantified in 4–6 random fields-
of-view. The isolated signal was thresholded to remove nonspecific
background and 8OHDG fluorescence measured. 8OHDG signal
was normalized to cell number by counting DAPI-stained nuclei.
ATP/viability assay
HaCaT and HeMn cells were plated in their respective full media on
96-well plates at 60,000 cells per well and cultured for 2–4 days until
the cells were 80–95% confluent. Cells were rinsed twice in MEM
(HaCaT) or Medium 254 (HeMn) and 200nM ang1/ang1 vehicle
control was added in MEM or Medium 254/0.5% BSA (90minutes,
37 1C, 5% CO2). A CellTiter-Glo Viability Assay (Promega, Madison,
WI) was used as per the manufacturer’s instructions. Luminescence
was measured using a microplate reader and the background
luminescence subtracted from the values.
Cell signaling
HaCaT and HeMn cells were cultured in 24-well plates in their
respective full media, grown to near confluency, rinsed in serum-free
media, and 200nM ang1/ang1 control was added. Phosphorylation
of aktS473 and MAPKp42(T202)/44(Y204) were measured as previously
described (Dallabrida et al., 2005).
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Figure 7. Ang1 activates skin cell Akt and MAPKp42/44 signaling. (a) HaCaT and (b) HeMn cells were given 200 nM ang1 or vehicle control (45minutes),
and signaling was assessed by western blotting (n¼ 4 per group with studies performed in duplicate, meanþ SD). Ang1 phosphorylated akt and MAPKp42/44
in (a) HaCaT and (b) HeMn cells (*Pp0.004, **P¼ 0.0001, ***P¼ 0.002).
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Cell adhesion
HaCaT and HeMn cell adhesion assays were conducted as
previously described (Dallabrida et al., 2005). Wells were coated
with ang1/ang1 vehicle control, blocked, rinsed, and then the cells
were added (200,000 cells per well (HeMn) and 150,000 cells per
well (HaCaT)) in MEM (HaCaT) or Medium 254 (HeMn)/0.5% BSA
(45minutes, 37 1C, 5% CO2). Before adding cells to plates, the cells
were washed in serum-free media (MEM or Medium 254/0.5% BSA).
Where indicated, the cells were preincubated (30minutes, 37 1C,
5% CO2) with 10mM EDTA (Ambion, Austin, TX) or 50 mgml
1
integrin function-blocking antibodies (Millipore). Adherent cells
were fixed, stained, solubilized, and the absorbances measured
(650 nm).
MGTP
MGTP was performed using our described method (Shih and Smith,
2005; Shih et al., 2009). Total RNA was prepared using RNeasy kits
with DNase-I treatment (Qiagen, Valencia, CA). cDNA was made
using random primers and SuperScript III (Invitrogen, Carlsbad, CA).
For each data point, the mean and SDs were calculated from three
cDNA samples prepared in three separate wells or experiments and
the PCR reactions for each cDNA sample performed in duplicate.
Transcript abundances were normalized per 106 18S rRNA copies to
indicate the approximate transcripts per cell.
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Figure 9. Select integrin antibodies disrupt Ang1 adhesion to skin cells.
(a) HaCaT and (b) HeMn cells were added to immobilized 200 nM ang1 or
vehicle control (45minutes), and adhesion was assessed (n¼ 4 per group with
studies performed in duplicate, mean±SD). Ang1 promoted (a) HaCaT and
(b) HeMn cell adhesion (*Pp0.00001). In (a) HaCaT cells, integrin subunit
antibodies a3, a4, av, b1, b4, and avb6 reduced adhesion to ang1, and in
(b) HeMn cells, av, b1, and avb5 reduced adhesion to ang1 (
#Pp0.006,
##Pp0.0006, ###P¼0.0000002, ####P¼ 0.03). (a) In HaCaTs, a6 antibody
increased adhesion to ang1 (^P¼ 0.006).
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